The degradation of agmatine to succinate by Klebsiella aerogenes occurs in five steps. The enzyme catalyzing the first step, agmatinase, is induced by agmatine. The enzymes catalyzing the second and third steps, putrescine aminotr ferase and 4-aminobutyraldehyde dehydrogenase, are induced by putrescine an( also by their product, 4-aminobutyrate. The enzymes catalyzing the fourth an(l fifth steps, 4-aminobutyrate aminotransferase and succinate semialdehyde dehydrogenase, are induced by 4-aminobutyrate. This compound also serves as gratuitous inducer of the catabolic acetylornithine aminotransferase. The formation of the enzymes responsible for agmatine degradation is regulated not only by induction, but also by catabolite repression and activation by glutamine synthetase.
The degradation of agmatine to succinate by Klebsiella aerogenes occurs in five steps. The enzyme catalyzing the first step, agmatinase, is induced by agmatine. The enzymes catalyzing the second and third steps, putrescine aminotr ferase and 4-aminobutyraldehyde dehydrogenase, are induced by putrescine an( also by their product, 4-aminobutyrate. The enzymes catalyzing the fourth an(l fifth steps, 4-aminobutyrate aminotransferase and succinate semialdehyde dehydrogenase, are induced by 4-aminobutyrate. This compound also serves as gratuitous inducer of the catabolic acetylornithine aminotransferase. The formation of the enzymes responsible for agmatine degradation is regulated not only by induction, but also by catabolite repression and activation by glutamine synthetase.
We reported earlier that agmatine can be used as source of energy, carbon, and nitrogen by Klebsiella aerogenes (3) . We showed that urea, ammonia, and, presumably, succmate are products of this degradative pathway, which is distinct from that of arginine (3) . Our results also suggested that putrescine and 4-aminobutryrate are intermediates in the conversion of agmatine to succinate (3) . The pathway of agmatine degradation suggested by our results is illustrated in Fig. 1 . We now report the identification of the enzymes capable of catalyzing the reactions shown in Fig. 1 in extracts of agmatine-grown cells of K. aerogenes. In addition we describe the regulation of the formation of these enzymes by induction, catabolite repression, and activation by glutamine synthetase.
MATERLALS AND METHODS
Chemicals and enzymes. Agmatine sulfate, 1,4-diaminobutane dihydrochloride (putrescine), 4-aminobutyric acid, L-histidine hydrochloride, L-arginine hydrochloride, and orthoaminobenzaldehyde were products of Sigma Chemical Co.; L-glutamine was obtained from Calbiochem. DEAE-cellulose (DE52) was from Whatman; Sephadex G-200 was from Pharmacia. Proteins for molecular weight determination as ferritin, rabbit muscle aldolase, liver alcohol dehydrogenase, ovalbumin, and chymotrypsinogen A were from Boehringer. 2-Methylimidazole and 2,4-dimethylimidazole were purchased from Gallard-Schlesinger and decolorized with Norit before use.
Succinate semialdehyde and acetylputrescine were gifts of Y. S. Halpern and U. Bachrach, Hebrew University-Hadassah Medical School, Jerusalem, Israel. 4-Aminobutyraldehyde was prepared by the method of Jakoby (5).
Bacterial strains. The strains of K. aerogenes employed in this investigation are the same as those recently described (3, 4) .
Growth ofcells. Minimal salts medium and growth conditions have been described (11) . Medium contained a carbon source at a final concentration of 0.4%; nitrogen sources and glutamine were added to 0.2%. Carbon compounds were sterilized by filtration. Growth conditions for low and high cell mass production are the same as described (4) .
Preparation of cell extract. Cell extracts were prepared by suspending the cells in 50 mM potassium phosphate (pH 7.0) (1 g of wet weight per 5.0 ml). The cells were subjected to ultrasonic disruption in an MSE sonic oscillator, using a 20-s treatment per 0.5 ml of suspension at 1.5 A. Cell debris was removed by centrifugation at 50,000 x g for 45 min. Protein content of cell suspensions and extracts was determined by the method of Lowry et al. (8) . Protein solutions were concentrated in a Diaflo TCF 52 cell (Amicon) by using PM 10 membranes.
Enzyme assays. Glutamine synthetase (EC 6.3.1.2) was assayed in whole cells by a modification of the -y-glutamyltransferase procedure of Stadtman et al. (2, 13) .
Agmatine amidinohydrolase (agmatinase, EC 3.5.3.11) was estimated by determining the quantity of urea formed within a given period of time at 37°C (9) .
The reaction had to be followed with time because of decomposition of urea by urease unless the experiments were performed with the urease-deficient strain MK9802. The reaction mixture contained 5 jAmol of agmatine in a final volume of 0.5 ml of 50 mM sodium glycinate (pH 9.5). The reaction was terminated by the addition of 0.5 ml of 15% perchloric acid. Protein was removed by centrifugation. A suitable aliquot, generally 0.5 ml of the protein-free supernatant, was used for the colorimetric assay of urea (12) .
Putrescine aminotransferase (diamine aminotrans-ferase, EC 2.6.1.29) was assayed by a modification of the N2-acetylornithine 5-aminotransferase procedure described previously (4 N2-acetylornithine 5-aminotransferase and L-ornithine 5-aminotransferase were assayed as described previously (4) .
Definition of unit. A unit of enzyme activity is the amount of enzyme that catalyzes the formation of 1 pmol of product per min.
RESULTS
Utilization of agmatine, putrescine, and 4-aminobutyrate. K. aerogenes can use not only agmatine, but also putrescine or 4-aminobutyrate, each a potential intermediate in agmatine degradation, as sole source of nitrogen and of carbon. When any one of these three compounds served as source of nitrogen with glucose as source of carbon, the growth rate of the culture was 0.75 to 1.0 generations per h, whereas ammonia as source of nitrogen with glucose as source of carbon supported a growth rate of 1.3 generations per h. Considerably slower growth, 0.4 to 0.5 generations per h was observed when agmatine, putrescine, or 4-aminobutyrate served as sole source of carbon with or without added ammonia. We may therefore conclude that cells using one of these three compounds as sole source of nitrogen are starved for nitrogen and that cells using one of the compounds as sole source of carbon are starved for energy, but not for nitrogen.
We determined the effect of the presence of agmatine, putrescine, or 4-aminobutyrate in the growth medium on the levels of agmatinase and on the aminotransferases for putrescine and 4-aminobutyrate. None of the cell extracts had putrescine oxidase or acetylputrescine aminotransferase activity. The results of these experiments, summarized in Table 1 , indicate that cells grown in the absence of any one of these com- pounds or of arginine or ornithine contained very low levels of all three enzymes (Table 1 , experiments 1 and 2). Significantly elevated levels of agmatinase were observed only in cells grown with agmatine or arginine as sole source of carbon or nitrogen (Table 1 , experiments 3, 4, 10, and 11). The cells grown with agmatine, but not those grown with arginine as sole source of carbon or nitrogen, also contained high levels of the aminotransferases. The levels of these aminotransferases, but not that of agmatinase, were also high in cells grown with putrescine or 4-aminobutyrate as sole source of carbon or nitrogen, and in cells grown with ornithine as sole source of nitrogen (Table 1 , experiments 5 to 9).
It is of interest that, although the level of agmatinase in cells grown with ammonia, histidine, or ornithine as source of nitrogen is low, it is considerably higher than in cells utilizing putrescine or 4-aminobutyrate as source of carbon or nitrogen (Table 1 , compare experiments 1, 2, and 9 with 5 to 8).
The results summarized in Table 2 show that cells grown with putrescine or 4-aminobutyrate, but not those grown with ammonia or histidine as sole source of nitrogen, contained elevated levels of dehydrogenase for 4-aminobutyraldehyde, the product of putrescine aminotransferase, and for succinate semialdehyde, the product of 4-aminobutyrate aminotransferase.
The results of the experiments presented in Tables 1 and 2 demonstrate that cells grown on agmatine, putrescine, or 4-aminobutyrate contain all the enzymes required for the degradation of these compounds according to the scheme illustrated in Fig. 1 .
Characterization of aminotransferases and dehydrogenases. We found that cells grown with putrescine or 4-aminobutyrate as source of nitrogen had higher levels of aminotransferase activity for ornithine and N2-acetylornithine than cells grown with ammonia as (6) . It was were grown in minimal medium with 0.4% glucose as also seen that both types of cells contained four source of nitrogen. A 5.9-ml portion of cell extract aminotransferases with different specificities. containing 73.5 mg ofprotein was applied to a column The aminotransferase whose peak activity was of DEAE-DE52 (1.6 by 22.2 cm) which was treated as found in fraction 40 (Fig. 2B) or 41 (Fig. 3B ) described in the legend to Fig. 2. (A) Succinate semi-This enzyme appeared to be able to utilize, in addition to ornithine and acetylornithine, 4-aminobutyrate and putrescine as amino donors and was most active with 4-aminobutyrate. This enzyme was not present in celis grown with ammonia or arginine as source of nitrogen (unpublished experiments). An aminotransferase with similar lack of specificity has been found in cells of Pseudomonas aeruginosa grown with 4-aminobutyrate as source of carbon or nitrogen (14) .
Finally, an aminotransferase specific for putrescine was found to have its peak activity in fraction 43 (Fig. 20) or fraction 44 (Fig. 3C ) ( Table 3 , peak III). This enzyme was also found Fig. 2 and 3 . b Aminotransferases for acetylornithine (ACOAT), ornithine (OAT), putrescine (PAT), and 4-aminobutyrate (GAT).
c Units of enzyme per milliliter of peak fraction calculated for 100 mg of cell extract protein subjected to fractionation.
to be present in cells grown with ammonia as sole source of nitrogen, but in an amount approximately 10-fold lower than that in the cells grown with putrescine as source of nitrogen (unpublished experiment). A similar enzyme has been purified from a putrescine-utilizing mutant of E. coliB (7).
We used material taken from peaks I, III, and IV (Table 3) to estimate the molecular weights of the corresponding aminotransferases by chromatography on Sephadex G-200 according to Andrews (1); we found the molecular weights of the enzymes to be as follows: 61,000 (peak I), 195,000 (peak III), and 160,000 (peak IV).
Additional experiments showed the aminotransferases to be more active with 2-ketoglutarate as amino-acceptor than with oxaloacetate or pyruvate. Aminooxyacetic acid, a specific inhibitor of pyridoxal 5-phosphate-dependent enzymes (4) , abolished the activity of the aminotransferases when added at a concentration of 7 mM.
Regulation of synthesis of agmatinase and 4-aminobutyrate aminotransferase. The results summarized in Table 1 showed that the formation of agmatinase and of 4-aminobutyrate aminotransferase was subject to induction by agmatine and 4-aminobutyrate, respectively. In addition, the results presented in Table 4 indicate that the formation of these enzymes was repressed by the presence of glucose and ammonia in the growth medium (compare experiments 1 and 2 with experiment 5). Omission of ammonia from the glucose-containing medium resulted in an approximately threefold increase in the level of these enzymes (compare experiments 1 and 2 with experiments 3 and 4). (Table 4 , experiment 5).
The suggested role of glutamine synthetase as activator of the synthesis of agmatinase and of 4-aminobutyrate aminotransferase was confirmed by the demonstration that a mutant capable of producing glutamine synthetase at a high level, even when cultured in an ammoniacontaining medium, also contained high levels of the two enzymes when grown in media containing glucose, agmatine, or 4-aminobutyrate as well as ammonia (Table 4 , experiments 6 and 7). Furthermore, a mutant lacking glutamine synthetase contained a low level of the aminotransferase even when grown in an ammonia-free medium (Table 4 , experiment 8).
DISCUSSION The results we have presented in the preceding section establish clearly that cells of K. aerogenes are capable of producing the enzymes necessary for the conversion of agmatine to succinate through a series of five reactions (Fig. 1) . The formation of these enzymes appears to be regulated by induction, catabolite repression, and activation by glutamine synthetase.
The high levels of agmatinase found in agmatine-and arginine-grown cells suggest agmatine as an inducer of the enzyme. Although as previously shown the major pathway of arginine degradation does not have agmatine as an intermediate, arginine-grown cells contain the enzyme arginine decarboxylase (EC 4.1.1.19, unpublished observation), and produce a small amount of urea from arginine, presumably via agmatine (3) .
The small amount of agmatinase present in cells grown on glucose with ammonia, histidine, or omithine as source of nitrogen may reflect the presence of a different enzyme whose physiological role is catalysis of a step in the conversion of endogenously produced arginine to putrescine. The existence of such an enzyme has been demonstrated in E. coli (9) . The fact that cells grown on glucose with putrescine or 4-aminobutyrate as source of carbon are completely devoid of this enzyme suggests that this agmatinase is repressed by these products. There is no evidence that 4-aminobutyrate can be converted to putrescine; consequently, in cells utilizing 4-aminobutyrate as source of nitrogen, ornithine is the likely source of putrescine.
The fact that the formation of the inducible agmatinase is subject to catabolite repression and activation by glutamine synthetase is in good accord with its physiological role: it enables the cell to use agmatine as source of energy and of nitrogen. The utilization of agmatine requires, in addition to agmatinase, the enzymes responsible for the degradation of putrescine. The results presented in Table 1 demonstrate the presence of such enzymes in cells grown with agmatine as source of carbon or of nitrogen. Their formation is not coordinated with that of agmatinase: their level is high in putrescine-or 4-aminobutyrate-grown cells, which are devoid of agmatinase, and their level is very low in arginine-grown cells which contain agmatinase. Their presence in the agmatine-grown cells presumably reflects induction by putrescine or 4-aminobutyrate formed from agmatine. Their absence in arginine-grown cells is somewhat unexpected, but would be explained if we assume that, because of the inhibition of arginine decarboxylase by agmatine (9), the rate of production of putrescine from arginine is too low to provide sufficient putrescine for their induction.
Our study of cells grown on glucose with putrescine or 4-aminobutyrate as source of nitrogen shows that these amines induce the formation of two dehydrogenases and of three aminotransferases. The dehydrogenases catalyze, respectively, the conversion of 4-aminobutyraldehyde to 4-aminobutyrate and of succinate semialdehyde to succinate. Of the aminotransferases, one is responsible for the conversion of 4-aminobutyrate to succinate semialdehyde; this enzyme is also active on putrescine, ornithine, and acetylornithine. A second aminotransferase is specific for putrescine. A third aminotransferase can act on ornithine or acetylornithine, but has no activity with putrescine or 4-aminobutyrate ( Fig. 2 and 3 ; Table 3 ).
The third aminotransferase appears to be identical with the arginine-or ornithine-inducible ornithine aminotransferase (4). It does not appear likely that this enzyme can contribute to the metabolism of putrescine or 4-aminobutyrate. Its presence in cells grown with one of these compounds as source of nitrogen probably reflects its gratuitous induction by 4-aminobutyrate acting as an analog of the actual inducer, ornithine.
Our results do not lead to definite conclusions regarding the nature of the inducers of the dehydrogenases and aminotransferases responsible for the conversion of putrescine to succinate. The fact that cells grown with 4-aminobutyrate, a product of putrescine degradation, as source of nitrogen contain both dehydrogenases (Table 2) and 4-aminobutyrate aminotransferase, as well as the specific putrescine aminotransferase, indicates that 4-aminobutyrate can serve as an inducer of all four enzymes. The induction of 4-aminobutyraldehyde dehydrogenase and of the putrescine aminotransferase by this compound appears to be gratuitous. It is then possible that the induction of the four enzymes in cells grown with putrescine as source of nitrogen depends on the generation of 4-aminobutyrate, the actual inducer, from putrescine. However, it can be seen that putrescine-grown cells contain more 4-aminobutyraldehyde dehydrogenase and less succinate semialdehyde dehydrogenase, as well as more putrescine aminotransferase and less 4-aminobutyrate aminotransferase than 4-aminobutyrate-grown cells (Tables 2 and 3 ). It is therefore possible that putrescine is more potent than 4-aminobutyrate as inducer of the enzymes catalyzing the first two steps of its degradation (Fig.  1) ; it may induce the enzymes catalyzing the last two steps only by virtue of its conversion to 4-aminobutyrate.
The formation of 4-aminobutyrate aminotransferase is subject to catabolite repression and to activation by glutamine synthetase. As shown in Table 4 , the level of this enzyme is lowered in glucose-grown cells of the wild type, but not in those of a mutant constitutive for glutamine synthetase, by the addition of ammonia to the medium. Omission of glucose from the medium results in an increased enzyme level. It has already been shown that the utilization of 4-aminobutyrate in E. coli is subject to regulation by catabolite repression and activation by glutamine synthetase (10, 16) .
To summarize, we have shown that, in K. aerogenes, agmatine is converted to succinate via putrescine and 4-aminobutyrate in five steps catalyzed by enzymes whose synthesis is induced by agmatine (step 1), putrescine (steps 2 and 3), and 4-aminobutyrate (steps 4 and 5). In addition, 4-aminobutyrate can mimic putrescine as inducer of the enzymes for steps 2 and 3 ( Fig. 1) , and can mimic ornithine as inducer of the catabolic acetylornithine aminotransferase. As expected from their physiological role, the formation of agmatinase and 4-aminobutyrate aminotransferase is subject in addition to induction, to catabolite repression, and to activation by glutamine synthetase. It is likely that the formation of the other enzymes of the pathway is similarly AGMATINE DEGRADATION 1133 regulated. Together, the three regulatory mechanisms insure that the enzymes are made according to the nutritional needs of the cell.
